Background: Comparative analysis of sequenced genomes reveals numerous instances of apparent horizontal gene transfer (HGT), at least in prokaryotes, and indicates that lineage-specific gene loss might have been even more common in evolution. This complicates the notion of a species tree, which needs to be re-interpreted as a prevailing evolutionary trend, rather than the full depiction of evolution, and makes reconstruction of ancestral genomes a non-trivial task.
shuffling of the tree. Therefore, the results seem to be compatible with approximately equal likelihoods of HGT and gene loss in the evolution of prokaryotes.
Conclusions:
The notion that gene loss and HGT are major aspects of prokaryotic evolution was supported by quantitative analysis of the mapping of the phyletic patterns of COGs onto a hypothetical species tree. Algorithms were developed for constructing parsimonious evolutionary scenarios, which include gene loss and gain events, for orthologous gene sets, given a species tree. This analysis shows, contrary to expectations, that the number of predicted HGT events that occurred during the evolution of prokaryotes might be approximately the same as the number of gene losses. The approach to the reconstruction of evolutionary scenarios employed here is conservative with regard to the detection of HGT because only patterns of gene presence-absence in sequenced genomes are taken into account. In reality, horizontal transfer might have contributed to the evolution of many other genes also, which makes it a dominant force in prokaryotic evolution.
Background
As soon as genome sequencing allowed phylogenetic analysis of large protein families, it became clear that different sets of orthologs often produce different tree topologies. The incongruence between tree topologies affects even the most fundamental splits in the history of life, such as the three-domain classification of life forms into bacteria, archaea and eukaryotes [1] [2] [3] [4] . In particular, archaeal genes systematically show different phylogenetic affinities, with the components of translation, transcription and replication systems typically affiliating with eukaryotes, and metabolic enzymes and structural proteins displaying bacterial provenance [5, 6] . Initially, the discrepancies between different trees have been attributed primarily to artifacts produced by tree-building methods. However, comparative genomics showed beyond reasonable doubt that lineage-specific gene loss and horizontal gene transfer (HGT) are major evolutionary phenomena, at least in the prokaryotic world [7] [8] [9] [10] [11] [12] [13] [14] . The prominence of gene loss and HGT in the evolution of prokaryotes is apparent even without detailed phylogenetic tree analysis. Orthologous gene sets, such as those compiled in the database of Clusters of Orthologous Groups of proteins (COGs; http://www.ncbi.nlm.nih.gov/COG/), show a wide spread of phyletic patterns (i.e. patterns of presenceabsence of genomes in COGs), with most COGs including only a few lineages, and many having an odd composition, e. g. two bacterial and one archaeal species [12, 15, 16] . The COG database has been manually curated, with a special emphasis on the correct representation of all analyzed genomes in each COG [15, 16] . Therefore, it seems impossible to explain these patterns without invoking massive, lineage-specific gene loss and HGT, and recent quantitative analysis has suggested that these processes contributed to the evolution of a substantial majority of orthologous sets of prokaryotic proteins [17] .
Thus, comparative genomics might potentially undermine the very idea of a universal species tree because, in-asmuch as HGT is shown to make a substantial contribution to genome evolution, no tree can, in principle, fully reflect the course of evolution of species [7, 9, 11, 18, 19] . Attempts to salvage the concept of a species tree, at least in a "weak" form, have been undertaken using comparative analysis of large, in some cases, genome-wide, gene sets. The idea behind these "genometree" approaches is that, in spite of the wide spread of gene loss and HGT, genomes might carry a signal of vertical inheritance and the strength of this phylogenetic signal was likely to be, roughly, inversely proportional to the evolutionary distance between species. The methods employed for genome-tree construction included comparison of gene content of orthologous sets, local gene order, and mean similarity between orthologs, as well as more traditional phylogenetic analysis of large gene sets thought to be minimally subject to gene loss and HGT, e.g., genes for ribosomal proteins and other components of the translation machinery [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Taken together, these analyses suggest that, extensive gene loss and HGT notwithstanding, genome-wide sets of prokaryotic proteins still might carry a phylogenetic signal; moreover, some of the genome-tree approaches appear to have considerable resolution power and reveal potential new major clades among bacteria and archaea [30] .
Thus, the species tree concept might survive the genomic challenge, although definitely not unscathed. The species tree can no longer be thought of as a complete depiction of the course of evolution, but only as a central trend in the evolution of organisms. Reconstruction of complete scenarios of genome evolution, including lineage-specific gene loss and HGT events, genomes remains an important goal. Obviously, such a scenario is the sum total of the evolutionary scenarios for individual genes or, more precisely, sets of orthologs (COGs). The reconstruction of the evolutionary scenario for an individual set of orthologous genes can be formulated as follows: given a species tree and a set of orthologs with a particular phyletic pattern (i.e. pattern of presence-absence of the species within the analyzed set of species; this set of species should be the same as in the tree), find the most parsimonious mapping of the set of orthologs on the tree. Such a mapping corresponds to the most parsimonious evolutionary scenario for the given set of orthologs, i.e. the scenario with the smallest possible number of events. A similar problem in phylogenetic analysis has been addressed by several groups who have developed algorithms for reconciling individual gene trees with species tree by constructing evolutionary scenarios with gene duplications and losses [31] [32] [33] [34] [35] [36] .
Under this approach, we rely on two assumptions that make the problem tractable but inevitably oversimplify it and could result in the produced scenarios being only rough approximations of the true complexity of the evolutionary history of life. First, we make conclusions on HGT solely on the basis of presence-absence patterns of genes, although many case studies have shown that, even for ubiquitous genes, phylogenetic trees are often in stark disagreement with the (hypothetical) species tree, signalling the occurrence of HGT [12, 37] . Second, we ignore the issue of non-random gene order and the ensuing dependence between genes and treat genomes as "bags of genes". This is a simplification, but not an entirely unrealistic one, because there is minimal conservation of the long-range gene order in prokaryotes, and even operons, which tend to be conserved between close species, typically undergo rearrangements at greater evolutionary distances [38] [39] [40] [41] .
Recently, an attempt has been undertaken to reconstruct evolutionary scenarios and the gene sets of ancestors of certain prokaryotic taxa by mapping phyletic patterns of orthologous genes to a species tree [17] . Here, using the generalized parsimony principle, we develop more general and rigorous algorithms for such reconstruction, prove that these algorithms produce the most parsimonious evolutionary scenarios and investigate the properties of these scenarios in detail. We employ the COG database [15, 16] as the collection of (probable) orthologous gene sets to be mapped on a species tree. To approximate the latter, we choose the emerging consensus of the genome trees [30] , as well as the classic 16S rRNA tree [42] , and we further investigate the effect of tree topology randomization on the resulting scenarios. We further concentrate on the reconstruction of the gene repertoire of the hypothetical Last Universal Common Ancestor (LUCA) of all extant life forms and examine the biological features of the LUCA gene sets reconstructed with different algorithm parameters. The unexpected outcome of this analysis is that HGT might have been as common in the evolution of prokaryotes as lineage-specific gene loss, particularly at the early stages. Given that, as indicated above, the analysis of gene presence-absence patterns underestimates HGT, it might be appropriate to speak of a dominance of HGT in prokaryotic evolution.
Results and Discussion

General definitions and concepts of evolutionary scenarios
When building evolutionary scenarios, we consider three elementary evolutionary events: i) gene loss, ii) emergence of a new gene (COG), and iii) acquisition of a gene (COG) via HGT. Emergence of a new COG is, typically, the result of an ancestral duplication, although de novo origin of a gene from a non-coding sequence also could contribute. Furthermore, given the limited size of the available collection of sequenced genomes, what appears to be emergence of a gene in an ancestral form could be the result of HGT from a lineage that is not represented in the current species tree. Therefore, since we cannot always distinguish between emergence of a COG and HGT, in the formal analysis that follows, we will collectively treat these events as gene gains as opposed to gene losses. An evolutionary scenario for a given COG is, then, any combination of elementary events that leads to the observed phyletic pattern, given the topology of the species tree. We will call the scenario for a given COG that includes the minimum number of events the (most) parsimonious scenario. In other words, the parsimonious scenario is one that is best consistent with the topology of the species tree. The parsimonious scenario is not necessarily unique, there may be multiple scenarios for a given COG with the same minimal number of events.
Consider, for instance, the possible evolutionary histories of genes (COGs) whose phyletic patterns are represented by I, II and III in Figure 1 , given the evolutionary tree shown in the figure. Gene I is present in all extant species (A, B, C, and D) and thus can be inferred to have evolved in the common ancestor of all four species, the tree root, and to have been inherited by all of them. Gene II can be thought of as being present in the last common ancestor of species B, C, and D and inherited by all its descendants ( Fig. 2a ). However, another possible scenario for pattern II could be the gene's presence in the root, with a subsequent loss in species A (Fig. 2b ). The scenario in 2a is the parsimonious one because it includes only one event as opposed to two events in the scenario 2b.
Similarly, two scenarios can be considered to explain phyletic pattern III in Figure 1 : (a) emergence in the root with a subsequent loss in B, and (b) emergence in either A or the last common ancestor of C and D with a subsequent HGT to the other branch ( Fig. 3 ). Each of these scenarios includes two events, i.e. the two scenarios are equally parsimonious.
There is an additional important issue to consider with regard to the scenarios in Figs. 2b and 3a. So far we discussed these scenarios under the assumption that the presence of a gene in the tree root counts as an event. However, this is not obvious and depends on whether or not we assume that the root, i.e. the last universal common ancestor (LUCA), represents the earliest life form. In the former case, all genes must be considered as emerging in the root and, accordingly, these gene emergence events should be counted when evolutionary scenarios are compared. In the latter case, genes present in the root can be treated as inherited from ancestors and, accordingly, should be excluded from the count because vertical inheritance is consistent with the species tree topology and requires no explanatory events. Although the species tree of all extant life forms is undoubtedly only a branch of the overall tree of life, the remaining branches being extinct, this is the only portion of that tree, which is within our "event horizon". Besides, the gene repertoire of LUCA necessarily must be the sum of inherited genes and those that have emerged in LUCA itself, and there is no obvious way to differentiate between these two categories of genes. For this reason, and because reconstruction of LUCA is a major goal of our efforts, we prefer to treat LUCA as the first life form in the "visible" part of the tree and to count emergence of a gene (COG) in LUCA as an event. However, mathematically, the alternative approach is more tractable because the tree root is treated identically to all other parental nodes in the tree. Therefore, we developed most of the formalisms described in the next section without counting emergence in the root as an event and subsequently introduce a correction to include these events. With the aforementioned alternative approach, the scenarios in Figs. 2a and 2b become equally parsimonious, whereas, among the scenarios in Figs. 3a and 3b, only the one in Fig. 3a is now parsimonious.
The two scenarios for pattern III are equally parsimonious only if all elementary events are considered equally likely.
However, biological considerations suggest that gene loss might be, in general, a (much) more likely evolutionary event than gene gain or at least than HGT; this is amply illustrated by the massive gene loss in parasites compared to their free-living relatives, e.g. Buchnera sp. vs. Escherichia coli, Mycoplasma genitalium vs. Bacillus subtilis or Rickettsia sp. vs. Mesorhizobium loti [43] [44] [45] [46] . Therefore, to construct realistic evolutionary scenarios, differential weighting of gains and losses may be required. This can be achieved by introducing a gain penalty for scoring evolutionary scenarios [17] . Then, a parsimonious scenario must minimize the total score, S = λ + gγ, where λ is the number of losses, γ is the number of gains and g is the gain penalty. This minimal score will be referred to as the inconsistency value for the given gene (COG) because it is equal to the minimal weighted number of events required to reconcile the evolutionary scenario for the given COG with the species tree. Here, we use these concepts to develop
Figure 1
Phyletic patterns of presence/absence of genes (1), (2) and (3) at an evolutionary tree with four current species A, B, C, and D being the tree leaves. The gene presence is shown with the patterned box.
Figure 2
Two evolutionary scenarios leading to pattern II of Figure 1 . The black circle represents gene loss and the white circle represents emergence of the COG.
Figure 3
Two evolutionary scenarios leading to pattern III of Figure 1 . The designations are is Figs. 1 and 2.
algorithms for deriving parsimonious evolutionary scenarios involving gene loss and gain events. We then apply these algorithms to the COG data set in order to assign gene loss/gain events to each node in the species tree and to reconstruct the gene repertoires of ancestral life forms.
Constructing a parsimonious evolutionary scenario
Parsimony analysis is one of the most commonly used and powerful phylogenetic approaches, which traditionally had been applied to binary characters and subsequently to molecular sequence data [47] [48]. Typically, this methodology is used to identify the most parsimonious tree, i.e., the tree associated with the minimum number of events, among all possible tree topologies or among a subset of topologies selected on the basis of certain criteria. However, the parsimony approach also can be used for explicit reconstruction of ancestral character states and events associated with tree edges, given the topology. This approach is implemented, in particular, in the MacClade software package [49] .
The problem addressed here is typical for parsimony analysis. Indeed, a two-state character can be associated with the phyletic pattern of any COG assuming that the states correspond to the presence and absence of a species in the COG. Then, a loss corresponds to the substitution of presence by absence, and a gain to the reverse substitution. Thus, parsimony algorithms developed by Fitch [50] , Hartigan [51] , Swofford and Maddison [52] and others for the minimum substitution problem, in principle, could be applied for building parsimonious evolutionary scenarios given a species tree and phyletic patterns of COGs. Character weighting, which is required to account for probable different likelihoods of gene gains and losses, has been implemented in so-called generalized parsimony approaches by Sankoff and coworkers [53, 54] and considered in detail by Swofford and Maddison [47, 55] . For the purpose of this work, however, we chose to devise an independent approach because the problem at hand had certain specific aspects that needed to be taken into account. In particular, the issue of different scoring systems corresponding to the cases when the presence of a gene in LUCA was counted or was not counted as an event had to be addressed and the number of parsimonious scenarios for each COG needed to be calculated. In addition, we proposed new approaches for resolving situations when several scenarios for the given COG were equally parsimonious.
For convenience and brevity of presentation, let us introduce the following conventions. Any ancestral node is considered to be uniquely labelled by the subset of the analysed species (tree leaves) in the subtree descending from this node; such a subset will be referred to as a tree cluster. For instance, in the tree in Figure 1 , sets CD, BCD and ABCD are clusters, whereas sets AB and ABC are not. The cluster consisting of all the species under consideration corresponds to the root. Somewhat loosely, we will refer to the loss or gain of a gene at a tree cluster, meaning that the event is assumed to have occurred in the last common ancestor of the cluster, i.e. the node labelled by the cluster. Each extant species (tree leaf) also constitutes a cluster referred to as a singleton.
The problem of building a parsimonious evolutionary scenario, given a gene's phyletic pattern and a binary evolutionary tree, can be formalised in terms of iteratively processing the nodes of the tree in a bottom-up fashion. This is achieved by building a parsimonious scenario for a parent given parsimonious scenarios for its children. This requires maintaining, at each node of the tree, sets of loss and gain events under both the assumption that the gene has been inherited at the node and the assumption that it has not been inherited. It is necessary to distinguish these two cases because, clearly, it is only meaningful to consider the loss of a gene at a node if it was inherited at that node. Similarly, it is only meaningful to consider the gain of a gene if it was not inherited. Thus, a loss can occur only under the former assumption and a gain under the latter. We denote the assumption that the gene was inherited by A i and the assumption that it was not inherited by A n .
Let us now consider the parent-children triple shown in Figure 4 . Each node in the triple is assigned with sets of loss and gain events under each of the above inheritance assumptions: [G i , L i ; G n , L n ] for the parent and similar quadruples for the children (see Figure 4 ). The set G i refers to gain events in the subtree descending from the parent under assumption A i . The set G i contains those nodes in the subtree descending from the parent, in which the gene has been gained under the inheritance assumption A i . Conversely, the set L i contains those nodes, in which the gene has been lost under the assumption A i . The sets G n and L n have similar meanings, but under the non-inheritance assumption A n . Let us denote the total number of events by e i = | G i | + | L i | under A i , and by e n = |G n | + | L n | under A n . These will be referred to as the i-inconsistency and n-inconsistency of the given node, respectively. The corresponding sets for the child nodes are denoted by G i1 , G i2 etc. as in Figure 4 . An evolutionary scenario, at a given node, is thus defined by a pair of sets (G, L) representing the gains and losses in the subtree rooted at the node. We use (G i , L i ) and (G n , L n ) to denote scenarios under assumptions A i and A n , respectively.
How can these sets in the parent be derived from those in the children? First, under assumption A i , we will determine the sets G i and L i given all the loss and gain sets at the children. There are two alternative scenarios: (i) the gene has been lost in the parent, or (ii) the gene has not been lost in the parent. In the first case, the lost gene could not have been inherited by the children and, thus, sets L n1 and L n2 are the relevant loss events and sets G n1 and G n2 are the relevant gain events. The sets for the parent are then determined by combining the corresponding sets for the children:
The parent is added in the latter equation because of the assumed loss event. In the second case, the gene has been inherited and not lost; thus, the loss/gain event sets will be determined by the other sets of events in the children, viz. L i1 , L i2 , G i1 and G i2 . The sets at the parent are given by:
Of the two alternatives, the principle of parsimony suggests selecting the one with the smaller number of events. Under scenario (i), the total number of events is e i = e n1 + e n2 + 1 and, under scenario (ii), the total is e i = e i1 + e i2 , according to (1) and (2), respectively. Parsimony suggests we select the scenario with the minimal total score: e i = min (e n1 + e n2 + 1, e i1 + e i2 ) (3)
When e n1 + e n2 +1 = e i1 + e i2 , either scenario may be selected. We may choose to remove this ambiguity by using an external criterion. For example, scenario (ii) may be
Figure 4
Patterns of events in a parent-children triple according to a parsimonious scenario.
CHILD 2 Gains Losses
Inherited
preferred because this does not introduce an additional event in the parent.
Let us now determine the sets G n and L n under the assumption A n . There are again two alternative scenarios: (i) the gene has been gained in the parent, or (ii) the gene has not been gained in the parent. In the first case, the gained gene should be inherited by the children and, thus, to determine G n and L n , sets L i1 and L i2 are the relevant loss events, and sets G i1 and G i2 are the relevant gain events. We now obtain:
Figure 5
The parsimonious scenario for COG0572 (Uridine kinase) under the genome-tree topology. The scenario is for g = 1. 
The parent is added in the former equation because of the assumed gain event.
Under scenario (ii), the gene has not been gained; thus, the loss and gain event sets will be determined by the other sets at the children, which yields:
Parsimony requires that the scenario with the smaller number of events is selected. The total number of events is e n = e i1 + e i2 + 1 under scenario (i) and e n = e n1 + e n2 under scenario (ii), according to (4) and (5), respectively. As discussed above, the likelihoods of gains and losses may not be equal; losses are generally considered to be more likely than gains. Therefore gains may be charged with a penalty, g, which corresponds to the generalized parsimony approach. Taking this into account, we redefine e i and e n as e i = g| G i | + | L i | and e n = g| G n | + | L n |, (straight brackets denote the size of the respective set) and modify the recurrence under scenario (i) to e n = e i1 + e i2 + g. Thus, the scenario to be selected is defined by: e n = min (e i1 + e i2 + g, e n1 + e n2 ) (6) When e i1 + e i2 + g = e n1 + e n2 , we may once again remove the ambiguity by selecting the scenario according to an external criterion. For instance, we may prefer scenario (ii) as it introduces no additional gain events at the parent.
Figure 6
The parsimonious scenario for COG0572 (Uridine kinase) under the rRNA tree topology. The scenario is for g = 1; the designations are as in Fig. 5 
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The above discussion leads to the following iterative algorithm for building a parsimonious scenario given a gene's phyletic pattern and a species tree.
Algorithm PARS for building parsimonious scenarios 1. Assign each leaf of the tree with the four sets [G i , L i ; G n , L n ] defined above. The four sets are empty except that G n = {a} if gene a is present in the given leaf or L i = {a} if a is not present in the given leaf.
2. Among the assigned nodes, take any two siblings and assign their parent with the four sets according to rules (1) -(6) above; remove the siblings and repeat this step until the parent is the tree root.
3. If e i < e n in the root, accept the scenario in which the gene was present in the root, the common ancestor for the given tree; the subsequent gain/loss history is determined according to the contents of sets G i and L i in the root. If e i > e n , accept the scenario in which the gene was not present in the root but was first gained in some node in G n during evolution and then horizontally transferred to the other nodes in G n . If e i = e n , either scenario may be accepted, depending on considerations beyond the gene's phyletic pattern; this case will be described below.
Algorithm PARS takes a bottom-up approach, although it can be naturally reformulated as a recursive algorithm, which proceeds in a top-down fashion. For any node in the tree, an i-parsimonious scenario is any scenario (G i , L i ), for which e i is minimal under assumption A i . Similarly, an n-parsimonious scenario (G n , L n ) is defined under assumption A n . A fully parsimonious scenario is an i-parsimonious or n-parsimonious scenario for which the inconsistency is min(e i , e n ).
Assertion 1
Scenarios (G i , L i ) and (G n , L n ) generated by algorithm PARS are i-parsimonious and n-parsimonious, respectively.
Proof
Suppose that the tree has N nodes. We inductively assume that the algorithm generates parsimonious gain/loss sets for all subtrees with fewer than N nodes. Thus the gain/ loss sets at the children of the root, viz. [G i1 , L i1 ; G n1 , L n1 ] and [G i2 , L i2 ; G n2 , L n2 ], are all parsimonious. We now show that it follows that the determination of gain/loss sets [G i , L i ; G n , L n ] according to rules (1) -(6) leads to a pair of parsimonious scenarios for the parent. Indeed, let us assume that there exists a scenario for the parent, in which the total numbers of events is less than that defined by (3) or (6) . Suppose, for instance, that the gene is inherited in the scenario , thus i < e i , where e i is defined by (3) . If the gene was not lost in the parent, then scenario satisfies equations (2) , which implies i = i1 + i2 . However, by the inductive assumption e i1 ≤ i1 and e i2 ≤ i2 , which contradicts the proposition i < e i . The result follows in a similar fashion for the other three cases corresponding to equations (1), (4) and (5) . It only remains to be stated that the assertion holds for N = 1 because, obviously, Step 1 of PARS introduces events parsimoniously. This completes the proof.
The following is a straightforward corollary of Assertion 1.
Assertion 2
At any node, i-inconsistency and n-inconsistency of a gene are related by the following inequalities:
Since an i-parsimonious scenario inherits the gene at the node, we may construct a non-inheritance scenario that includes a gain of the gene at the node together with all the subsequent events of the i-parsimonious scenario. This non-inheritance scenario has just one more gain than the i-parsimonious scenario. This justifies the first inequality because any n-parsimonious scenario cannot have a higher inconsistency score. Similarly, for any n-parsimonious scenario, there is an inheritance scenario, which includes the loss of the gene at the node together with all of the events in the n-parsimonious scenario, thus justifying the second inequality. This completes the proof.
When g = 1, Assertion 2 implies that the numbers of events in i-parsimonious and n-parsimonious scenarios differ by at most one, | e i -e n | ≤ 1.
The recursive structure of algorithm PARS enables us to determine the number of parsimonious scenarios compatible with the phyletic pattern of a gene. To do this, we need two quantities assigned to each of the tree nodes, s i and s n , the numbers of i-parsimonious and n-parsimonious scenarios, respectively.
Assertion 3
Given the numbers of parsimonious scenarios (s i1 , s n1 ) and (s i2 , s n2 ) at the children, the numbers for the parent are determined according to the following rule, depending on the relation between e i1 + e i2 and e n1 + e n2 in (3) and (6):
The validity of (7) and (8) is evident because each of the parsimonious scenarios in one child can be combined with each of the parsimonious scenarios in the other child. At the root, if e i < e n the total number of parsimonious scenarios is s i , whereas if e i > e n it is s n . If e i = e n the total is s i + s n .
To narrow down the space of parsimonious scenarios, various strategies may be employed. One approach mentioned above suggests choosing those scenarios that, at each aggregation step where the values compared in (3) and (6) are equal, do not postulate new events, i.e. scenario (2) will be selected when the values compared in (3) are equal, and scenario (5) will be selected when the values compared in (6) are equal. We refer to the version of the PARS algorithm that utilises this strategy to choose between scenarios with the same inconsistency values as PARS-U.
In fact, there are clearly four different strategies of this type, depending on whether (1) or (2) is preferred in the case of identical inconsistency values in (3) and whether (4) or (5) is preferred in the case of identical inconsistency values in (6) . We can associate evolutionary interpretations with each of these strategies. For instance, preferring (2) to (1) will tend to keep loss events as close to the leaves as possible. Indeed, not including a loss event at the parent means that, in this parsimonious scenario, the children accumulate more events than in a parsimonious scenario that includes the loss at the parent. This approach is analogous to the DELTRAN algorithm of the MacClade package. The opposite strategy will tend to push loss events higher up the tree, in an analogy to the ACCTRAN algorithm of MacClade [49] . Similarly, preferring (5) to (4) will tend to keep gain events as close to the leaves as possible. The opposite strategy will tend to push them higher up the tree. We can also combine these by applying different strategies at different parental nodes. However, there is no obvious justification for preferring any of these strategies. Accordingly, the selected strategy PARS-U will be used for illustrative purposes only, i.e. to demonstrate the multitude of parsimonious scenarios. Another problem arises in step 3 of PARS when e i = e n at the root because, in this case, there can be no loss in an iparsimonious scenario nor gain in an n-parsimonious one. Thus, the strategies outlined above do not help us to resolve this case. A somewhat better justified external criterion, which is specific to the analysis of phyletic patterns, may be derived from the notion that, among scenarios with equal inconsistency values, the scenario with the minimal number of gains should be chosen (on the basis of the general belief that gene losses are likely to be more common than gene gains via HGT). This secondary criterion allows us to select a scenario from the set of parsimonious scenarios by locally minimizing the number of gains. The version of the PARS algorithm utilising this criterion for resolving indifference will be referred to as PARS-G.
Clearly, algorithm PARS-U always leads to unique scenarios under both A i and A n ; this may or may not be the case with PARS-G. We suspect that PARS-G also always leads to a unique scenario and, indeed, for all 3166 COGs examined, PARS-G yielded a unique scenario; however, no proof of this conjecture has been found so far.
Example
To illustrate the construction of parsimonious evolutionary scenarios with the PARS algorithm, let us map the phyletic pattern of COG0572 (uridine kinase), which is represented in 13 species, namely one eukaryote (Saccharomyces cerevisiae), one archaeon (Halobacterium sp) and 11 bacteria, onto two hypothetical species trees (Figures 5, 6) . The topology of the species tree in Figure 5 was derived from the concatenated tree of universal ribosomal proteins [24] and is close to the apparent consensus of various genome-tree approaches [30] . The topology of the tree in Figure 6 is from the classic 16S rRNA phylogeny [42] . Although the original genome trees are unrooted, a rooted tree was required for the purpose of this analysis; the root was forced between the bacterial and archaeal-eukaryotic branches in accord with the three-kingdom "standard model" of life's evolution [2] [3] [4] 56] . All versions of the PARS algorithm were implemented using the Mat-Lab program package http://www.mathworks.com/.
Let us consider one step of algorithm PARS applied to siblings blwdcr (an assemblage that unites low-GC Grampositive bacteria with actinomycetes, cyanobacteria and Deinococcales and had been tentatively identified as a clade through genome-tree analysis) and nsfghexju (the classic Proteobacteria clade) in the tree of Figure 5 . To this end, we need to determine gains and losses in both siblings under each of the alternative assumptions, A i and A n . Assuming that the COG had been inherited at the node blwdcr (A i ), there is only one loss in r (Mycobacterium tuberculosis) and no gains, i.e. one event in this cluster. Assuming that the COG had not been inherited at blwdcr (A n ), the minimum set of events includes a gain in the common ancestor of the cluster blwdcr, with the subsequent loss in r, a total of two events. Similarly, under the assumption A i at nsfghexju, the optimal scenario is that the COG has been lost at this node and gained again at the ghe cluster, a total of two events. Under the assumption A n at nsfghexju, the only event in this cluster is the gain at ghe (Vibrio cholerae, Haemophilus influenzae, and Escherichia co-li). According to PARS, these scenarios are extended to the parent cluster blwdcrnsfghexju under both A i and A n . Let us consider first the assumption A i , i.e. that the COG had been inherited in the parent. Then, if the COG had been lost at the parent and not inherited by the children, this would involve the gains at blwdcr and ghe and loss at r, a total of four evens. If the COG had not been lost and, accordingly, had been inherited by the children, this would involve losses in r and nsfghexju and a gain at ghe, three events altogether. Thus, the latter scenario should be chosen under the assumption A i at the parent. Under the assumption A n , i.e., the COG's absence in the parent, the COG was not inherited by the children either, thus leading to the aforementioned three events, the gains at blwdcr and ghe and the loss at r. If, in contrast, the COG had been gained in the parent and, accordingly, inherited by the children, this would involve losses at r and nsfghexju and the gain at ghe, a total of four events. Thus, the parsimonious pair of loss/gain sets at the parent is G i = {ghe}, L i = {nsfghexju, r} and G n = {blwdcr, ghe}, L n = {r}. As we can see, the i-inconsistency and n-inconsistency for each cluster differ by at most one event, which conforms to Assertion 2. Continuing the aggregation toward the root of the tree, we arrive at the following parsimonious scenario: the COG was present in the tree root, i.e., in LUCA, and had been lost at r, q (Aquifex aeolicus), zmkap (a cluster that includes all archaeal species except for Halobacterium sp.), and nsfghexju, but then regained at the cluster ghe, a total of six events, including the gain at the root ( Figure 5 ). Thus, although this COG has a scattered distribution and, in particular, is present in only one archaeal species, the parsimonious scenario for this tree topology indicates that it was most likely already present in LUCA, with its subsequent history defined primarily by losses.
The same analysis performed for the rRNA tree topology leads to a different parsimonious scenario, albeit with the same total number of events, six (Fig. 6 ). According to this scenario, the COG evolved in the common ancestor of the cluster blwritnsfhgexjucdv (the clade including all bacterial species other than A. aeolicus) and then had been lost in r and nsfhgexju (Proteobacteria) and regained, via HGT, in hge. Additionally, the COG had been horizontally transferred to y (yeast) and o (Halobacterium sp). Thus, in this case, the evolutionary scenario is dominated by HGT, with four HGT events against two losses. This example illustrates the critical dependence of the reconstructed parsimonious scenario on the tree topology, even for a case when the scenarios for alternative tree topologies consist of the same number of events.
A notable aspect of the reconstructed parsimonious history of this COG, under each of the alternative topologies, is that it was present in LUCA, then lost in a descendent (nsfghexju, the common ancestor of Proteobacteria) and subsequently regained in ghe (γ-proteobacteria). The question thus arises as to how many COGs have a history of re-appearance after a loss (see discussion below).
Independent gains
In this section, we consider a simplified view of the evolutionary scenarios by assuming that evolution of a COG may not involve a gain after a loss event, an assumption employed by Snel and coworkers [17] . In other words, gains are assumed to occur independently, in non-overlapping parts of the tree, and each may be succeeded by some losses but not regains. This independence hypothesis is equivalent to the well-known, but not necessarily realistic for all types of characters, assumption of the uniqueness of character changes during their evolution, which is employed, in particular, in the Dollo parsimony method [48, 57] .
For COG0572 and genome-tree topology in the example above, an independent gain scenario involves six gains along the tree: in singletons y, o, v and in clusters blwdcr, ghe, and ti, and only one loss, in r. This yields seven events altogether. Although, quantitatively, this does not differ much from the six events in the scenario in Figure 5 , the qualitative difference is notable, including the absence of the COG from LUCA under the independence assumption.
The situation of independent gains can be dealt with by using recursive aggregation as in the PARS algorithm, but with the added restriction that no loss may occur in the parent when the set of gains in the children is not empty. In other words, if a gene has been lost at an interior node of the tree, then it must be absent from all descendants of this node. This leads to the following statement.
Assertion 4
Under the independence assumption, a loss may occur in a node if and only if the set of descendants of this node does not overlap with the set of extant species (leaves) that are present in the COG under consideration.
To formalize this statement, let us consider an evolutionary tree T with the set of leaves L. For a given COG, let us denote by C the set of leaves corresponding to the extant species that are present in the given COG. For a given node t ∈ T, let us denote by L(t) the set of leaves corresponding to extant organisms for which t represents their last common ancestor. Then the condition in Assertion 4 can be expressed as
where denotes the empty set.
Proof
Suppose a gene has been lost at t but C and L(t) overlap, that is, some leaf j belongs to both L(t) and C. Then, the gene would have to have been gained either at j or carried down to j from an ancestor, which contradicts the independence assumption. Thus, condition (7) must hold. The converse implication is obvious.
Let us now consider the problem of building sets L of losses and G of gains for the parent, after they have been determined for the children under the independence assumption (see Figure 4 ). Consider first assumption A i , that the COG was inherited by the parent. Then the situation depends on whether or not the COG overlaps the ∅ ∅ cluster of the parent's descendants, according to Assertion 4. If the parent t and COG C satisfy (7), then we have two alternative scenarios: (a) the gene has been lost in the parent, or (b) the gene has not been lost in the parent. In case (a), the lost gene cannot belong to any species among the parent's descendants, i.e.
The parent is added in the latter equation because of the assumed loss event in (a). In case (b), the gene has been inherited and not lost; thus, the loss sets will be determined by the loss sets at the children:
However, Li1 and Li2 are non-empty by virtue of (7), so (1') will always give a smaller inconsistency than (2'). When (7) does not hold, the gene could not have been lost in the parent, according to Assertion 4, thus only (2') is applicable.
Under the non-inheritance assumption A n , combining loss and gain events in the parent under the independence condition does not differ from the same procedure for the general case. Thus, to adapt algorithm PARS for the independence condition, one must substitute rules (1') and (2') for rules (1), (2), and (3) to aggregate children's events under A i , using (1') when (7) holds and (2') otherwise. The remaining rules, (4) through (6), remain the same. Algorithm PARS thus modified will be referred to as PARS-I.
Counting presence of a gene in LUCA as a gain
So far, we considered algorithm PARS without treating the tree root, which corresponds to LUCA, any differently from the internal nodes of the tree. In this section, we modify the approach by assuming that all genes present in LUCA must have emerged in the root and, accordingly, count as gains in evolutionary scenarios. This assumption does not lead to any changes in the initialisation step 1 or aggregation step 2 in algorithm PARS, but it does affect the final step 3, at which the two resulting parsimonious scenarios are compared, one under the inheritance assumption A i and the other under the non-inheritance assumption A n . If the presence in LUCA is not an event, the choice between these scenarios is made by comparing the numbers of events, e i and e n , under the two assumptions. However, now, when the presence of the gene in LUCA is treated as a gain, its weight g has to be added to e i to obtain the total inconsistency of the i-parsimonious scenario. Therefore, at step 3 of algorithm PARS, e i + g and e n have to be compared in order to choose the most parsimonious scenario.
However, this is not the only modification required. As stated in Assertion 2, e i + g ≥ e n , that is, an i-parsimonious scenario for the entire tree can never be better than an nparsimonious scenario (since the gene presence at LUCA is an event). In other words, the inconsistency of a COG is always equal to its n-inconsistency. This follows from the fact that each evolutionary scenario under A i is equivalent to an evolutionary scenario under A n , which involves a gain in the root together with the same events as in the scenario under A i .
This last statement affects the formulas for computation of the numbers of parsimonious scenarios in Assertion 3.
Since e i + g = e n , the total number of parsimonious scenarios at the tree root is now always equal to s n , because, even when e i + g = e n , the set of i-parsimonious scenarios is a subset of the set of n-parsimonious scenarios.
There are also modifications to the PARS-G and PARS-U versions of PARS under the assumption of this section; these apply when the i-inconsistency is equal to the n-inconsistency, i.e. e i = e n . Using PARS-G, |G i | and |G n | were compared when the gene's presence at the root was not counted as an event. Under the assumptions of this section, the number of gains under A i is |G i | + 1, so when the i-inconsistency and the n-inconsistency are equal, i.e. e i + g = e n , we have to compare |G i | + 1 and |G n |. Since the scenario under A i leading to |G i | + 1 gains can be interpreted as a scenario under A n (with the gene gained at the root), the inequality |G i | + 1 < |G n | is not possible because of the minimality of |G n |. Similarly, if |G i | + 1 > |G n |, then no gain in the root would occur under A n . Thus, a gain may occur in the root with PARS-G if and only if |G i | + 1 = |G n |. This creates no new ambiguities in selecting between iand n-parsimonious scenarios because, as noted above, each i-parsimonious scenario is also an n-parsimonious scenario.
With PARS-U, obviously, the selected n-parsimonious scenario in the root should always be preferred to the i-parsimonious scenario, since either it avoids a gain at the root or it is equivalent to the latter scenario.
The principle of parsimony implies some simple properties of parsimonious scenarios, some of which will be discussed below. The first observation concerns the pattern of gains and losses in the tree.
Assertion 5
Any gene gained (lost) in a parent node cannot be lost (gained) in either of its children in any parsimonious scenario.
∅ ∅ Proof
Suppose that, in a scenario, a gene is gained at a node and lost at one of its children. Then, the inconsistency of this scenario can be reduced by removing the loss event at the child and moving the gain event to its sibling. The opposite case (loss at a node followed by a gain in its child) follows similarly, which proves the statement.
Another observation concerns the question of whether or not the presence of any particular gene can be forced into LUCA in a parsimonious scenario with a suitable gain penalty. The answer is no. Certain genes will always emerge in intermediate ancestors in parsimonious scenarios, whatever the gain penalty; we call these non-LUCA genes. The following gives a simple criterion for this.
Assertion 6
A gene is non-LUCA if and only if its phyletic pattern is completely contained in the set of descendants of only one of the children of LUCA.
Proof
Let us denote the children of LUCA by c1 and c2. Suppose a gene's phyletic profile is completely contained in the set of descendants of c1. Consider a scenario in which this gene is present in LUCA. The gene is inherited by c1 but must be lost in c2 or some of its descendants. Then the inconsistency of the scenario can be reduced by removing these loss events and moving the gain of the gene from LUCA to c1. Therefore the gene is non-LUCA.
Consider any non-LUCA gene. Then, in any parsimonious scenario, it must be gained either in, say, c1 or one of its descendants. The gene cannot also be gained in c2 or any of its descendants, since, if the gain penalty g is chosen to be equal to the number of nodes in the tree, the inconsistency of this scenario would be at least 2 g. However, the inconsistency of the scenario with a single gain at LUCA would be less than 2 g, which proves the statement. Table 1 shows some of the summary statistics of parsimonious evolutionary scenarios reconstructed with the PARS algorithm when applied to the phyletic patterns of 3166 COGs available as of October 2001 and assuming the genome-tree topology ( Figure 5 ). As indicated above, these and all other empirical results reported here were obtained under the assumption that the presence of a gene in LUCA constitutes a gain. The effects of variation of three parameters of PARS on the resulting parsimonious scenarios are presented: (1) whether a gain-after-loss is permitted or not, which are referred to as the general and independence cases, respectively, (2) choice among scenarios with equal inconsistency values by using either PARS-G or PARS-U, and (3) gain penalty (g values of 1, 2 or 3). Table 1 show the expected dependence on the gain penalty: the predicted size of LUCA and the number of losses notably increased with the increase in the value of g. Obviously, the total inconsistency score also substantially increased at higher gain penalties, whereas the average number of scenarios per COG went down with the increase in the gain penalty. In other words, the loss-dominated scenarios produced at high gain penalties tend to be non-redundant or at least less redundant than HGT-enriched scenarios constructed with a low gain penalty. The effect of changing the gain penalty, the dependence of the results on the chosen species tree topology and possible implications for genome evolution and our ideas on the nature of LUCA are considered in greater detail in the next section.
Empirical Results and Discussion
Parsimonious scenarios of evolution and effect of algorithm parameters on reconstructed ancestral gene sets
The numbers in
The approach taken for choosing between equally parsimonious scenarios substantially affects the outcome (Table 1). Consider, for instance, the numbers for g = 1. With the same total inconsistency score, 13782, algorithm PARS-U yields twofold fewer losses than PARS-G and assigns only 315 COGs to LUCA in contrast to 572 COGs placed in LUCA by PARS-G. The 257 COGs assigned to LUCA by PARS-G but not PARS-U are distributed as gains among the other tree nodes by the latter algorithm.
Similar effects are produced by algorithm PARS-I, which works under the independence assumption. The independence assumption minimally affects the total inconsistency score of the parsimonious scenario: for g = 1, only 19 COGs had greater inconsistency scores under this assumption than without it and in each case the difference in the score was 1. However, when PARS-G was used to resolve ties between parsimonious scenarios, the number of genes assigned to LUCA substantially differed depending on whether or not the independence assumption was imposed, with 66 COGs (~12% of LUCA's gene repertoire) included in LUCA in the general case but not under the independence assumption. The example of COG0572 in Figure 5 illustrates how this could happen. Since algorithm PARS-G without the independence assumption seems to be the most general and the least arbitrary of the methods for parsimonious scenario construction, in the rest of this work, we consider only results produced by this method.
LUCA and the gain penalty: horizontal gene transfer might have been as common in the evolution of prokaryotes as gene loss
The gain penalty, which determines the relative contributions of lineage-specific gene loss and HGT, is undoubtedly the single most important parameter of the evolutionary scenarios considered here. In order to choose realistic scenarios, an independent estimate of g is needed but, to our knowledge, there is none at this time, beyond the intuitive notion that a loss is more likely than HGT, perhaps by a substantial margin. There seem to be two ways to determine the range of likely g values. First, by comparing the parsimonious scenarios obtained with different gain penalties, it might be possible to identify g values that result in scenarios with special properties, which could correspond to the "optimal" weighting of losses and HGT events. Secondly, a feedback approach can be employed. Since the g value affects the gene content of the reconstructed LUCA and other ancestral forms, one could examine these hypothetical ancestral gene sets from a biological perspective and attempt to select the minimal set containing the complete functional systems that are thought to be essential for a cell's functioning. Such an estimate is unlikely to be particularly precise because we do not have complete knowledge of the essential functional systems even for extant cells, let alone LUCA, whose phenotype and environmental conditions remain a mystery. However, since our goal is an approximate estimate of g, it seems likely that our understanding of cellular functional systems is sufficient to provide reasonable feedback.
Before turning to qualitative, biological assessment of different versions of LUCA, we examine the scenarios and
Figure 8
Representation of essential metabolic pathways in different versions of LUCA: the TCA cycle. The designations are as in Fig. 6 .
Figure 9
Representation of essential metabolic pathways in different versions of LUCA: the purine biosynthesis. The designations are as in Fig. 6 .
ancestral gene sets reconstructed with different g values in greater detail. Table 2 shows the effect of changing the gain penalty from 0.1 (10 gains score the same as one loss) to 10 (10 losses score the same as one gain) for the genome-tree topology and the rRNA tree topology on the reconstructed gene sets of LUCA and the last common ancestors of archaea and bacteria, and on various characteristics of the parsimonious scenarios. The scenarios with g >> 1 conform to the intuitive notion of the prevalence of losses in evolution, whereas the scenarios with g < 1 imply that HGT is more likely than gene loss, which is often con-sidered unrealistic. The data in Table 2 clearly show two expected monotonic trends, namely, the increase in the number of losses and decrease in the number of HGT events with the increase in g. The largest changes in the number of each type of events are seen between g values of 0.9 and 1.0. The transition between these g values is dramatic: for g = 0.9, there are almost four times as many HGT events as there are losses, whereas, for g = 1.0, the numbers of the two types of events are almost equal. However, the total number of events decreases monotonically when g approaches 1 from either side, with the glo-
Figure 10
Representation of essential metabolic pathways in different versions of LUCA: the pyrimidine biosynthesis. The designations are as in Fig. 6 .
Figure 11
Representation of essential metabolic pathways in different versions of LUCA: arginine biosynthesis. The designations are as in Fig. 6 .
bal minimum observed for g = 0.9-1.9. This monotonicity, which implies that the total number of events for g = 1 is minimal, is a consequence of the parsimony principle and can be proved by straightforward algebraic manipulation (not shown).
Thus, g = 1 is a unique gain penalty value, which always entails the scenario with the smallest number of events.
With the COG data set and the species tree topology, this minimum is highly stable, as indicated by the fact that the parsimonious scenario for g = 0.9 has the same number of events and all the scenarios for 0.7 ≤ g ≤ 1.25 have only slightly more.
Notably, for both small and large g values, the great majority of COGs (or even all as with g = 0.1, g = 0.7 and g = 0.9) have a unique parsimonious scenario, but for g = 1, there is a dramatic increase in redundancy. Apparently, many scenarios become equivalent when neither gains nor losses are given preference. Thus, g = 1 is a special case, under which the total number of events in the parsimonious scenarios is minimal and the redundancy of the parsimonious scenarios is maximal.
The trends noted above apply to both analysed tree topologies. However, the scenarios produced with the rRNA tree include a larger total number of events than those for the genome-tree topology at all gain penalties, with the sole exception of g = 3 ( Table 2 ). In particular, at g = 1, the scenarios for the two alternative tree topologies differed by 303 events, which is a statistically significant difference (see below). The scenarios for the rRNA tree tend to
Figure 12
Representation of essential metabolic pathways in different versions of LUCA: pyridoxal phosphate biosynthesis. The designations are as in Fig. 6 .
include more losses and fewer gains (HGT events) than the scenarios for the genome-tree. However, the effect of the tree topology on the gains/loss ratio was less pronounced than the effect of changing the g value; thus, at g = 1, the numbers of gain and losses were close also for the rRNA tree topology ( Table 2 ). The number of COGs assigned to LUCA under the rRNA topology was larger than that for the genome-tree topology at low g values (g ≤ 1.25), but for larger g values (g ≥ 1.5), the relationship was inverted. Interestingly, and in accord with the notion that Only genes for enzymes of central metabolic pathways are included; genes appearing in LUCA at g >1.5 are indicated by shading g = 1 represents a special case, the difference was the greatest for this g value. Similar trends were seen for other ancestral forms ( Table 2 ). The major difference between the topologies of the genome-tree and the rRNA tree is that the former has a more elaborate structure than the latter, with some additional major clades defined, e.g., the bacterial cluster that unites cyanobacteria, Deinococcales, and actinomycetes (compare the tree topologies in Figures  5 and 6 ). This probably explains why the parsimonious scenarios contain fewer events under the genome-tree topology: some of the phyletic patterns can be economically accounted for by HGT or gene loss at the ancestors of the major clades that are not present in the rRNA tree. The compatibility of many phyletic patterns with the topology of the genome tree, which leads to shorter scenarios than those produced with the less structured rRNA tree, might lend additional credence to the genome tree.
We further assessed the robustness of the obtained results by exploring the effect of randomizing the tree topology on the characteristics of the parsimonious scenarios. The clusters of archaea (ozmkap), bacteria (blwdcrnsfghexjutiqv), and four well-established bacterial lineages (blw, xj, nsfghexju and sfghe) were fixed; otherwise, the branches were shuffled to generate 50 randomized trees. The gain penalty weight was also uniformly randomized over the interval between 0.75 and 1. 25 . The results shown in Table 3 indicate that the total number of events in the parsimonious scenarios for the randomized trees exceeded that for the species tree adopted in this work ( Figure 5 ) by three to four standard deviations. Since the rRNA tree retains the clusters that were fixed in the randomized trees, these experiments provided also for the statistical assessment of the difference between the parsimonious scenarios derived under the genome-tree and the rRNA topologies. In the case of g = 1, this difference was significant at the 1.5 σ level. The number of genes assigned to LUCA for random trees with larger weights also significantly deviated from the numbers in Table 2 . Notably, however, the transition from the dramatic excess of HGT over gene loss for g < 1 to the approximately equal number of the two types of events for g = 1 persisted even in randomized trees.
Altogether, formal analysis of parsimonious evolutionary scenarios leads to the conclusion that g = 1 represents a special situation and might be the most appropriate value for the gain penalty. This points to the unexpected possibility that HGT had been as common as lineage-specific gene loss in prokaryotic evolution ( Table 2 ). This runs against the notion of the prevalence of losses over HGT, which prompted us to examine in greater detail the gene sets assigned to LUCA for different g values.
The number of COGs assigned to LUCA increased monotonically with the increase in g, from 84 (g = 0.1), which is the set of ubiquitous COGs, to 1725 (g = 10), which is only two COGs short of the theoretical maximum of 1727 LUCA COGs (under the genome-tree topology, 1439 of the 3166 analysed COGs met the criterion of assertion 6 and could never be assigned to LUCA). Importantly, although the LUCA gene sets with different gain penalties were identified independently of each other, those derived at each successive g value always contained those obtained with lower g values; the same relation held for the two other ancestral forms included in Table 2 . Table 4 shows the distribution of COGs assigned to LUCA under the genome-tree topology among broad functional categories depending on the gain penalty. The predictable general trend is for LUCA to become more functionally versatile and less dominated by highly conserved functions, such as translation and amino acid metabolism, with the increase in gain penalty that is accompanied by the growth in the total number of genes in LUCA.
We further examined the LUCA gene sets obtained for different g values (hereinafter LUCA0.9, LUCA1.0 etc; these gene sets are available as Supplementary Material (See Additional file: 1) in a more qualitative manner, in order to determine which of them, if any, could, at least in principle, correspond to a viable organism. The main approach here is to reconstruct the major functional systems and pathways of the cell and to identify obvious "gaps" that make the hypothetical cell unsustainable. The substantial number of described cases of non-orthologous gene displacement, whereby the same essential function is performed by distantly related or unrelated proteins in different subsets of organisms [58, 59] , suggests that complete reconstruction of the LUCA gene set on the basis of extant phyletic patterns might not be realistic (or at least might require a very large number of genomes to be compared). Nevertheless, following the dynamics of "gap-filling" in the growing LUCA gene sets reconstructed with increasing gain penalties might point to a minimal reasonable LUCA. Moving along the growing LUCA gene sets ( Table 2 and Additional file: 1), it was obvious that those produced with low g values were inadequate because they consist primarily of translation-associated genes. The first ancestral gene set that potentially could be a realistic candidate for a functioning cell was LUCA0.9. However, this version of LUCA still contains a considerable number of "gaps" in essential functional systems and pathways (Table 5). Most of these gaps are filled in LUCA1.0 and almost all of the rest disappear in LUCA1.5-3.0 ( Table 5 ).
In particular, LUCA1.0 has the complete translation system, with the sole exception of glycyl-tRNA synthetase (a well-known case of non-orthologous gene displacement), which appears in LUCA1.5; the set of basal RNA polymerases subunits, transcription termination factors and several helix-turn-helix transcription regulators; the complete set of the bacterial-type H + -ATPase subunits; and many (nearly) complete metabolic pathways (Figs. 7, 8, 9, 10, 11, 12) . Among the latter, only a few enzymes, which are particularly prone to non-orthologous displacement, do not appear in LUCA1.0, e.g. the essential glyco-lytic enzyme phosphoglyceromutase (Fig. 7) . Notably, LUCA1.0 has a complete TCA cycle ( Fig. 8 ), in spite of the fact that many modern bacteria and archaea have partial, non-cyclic variants of this pathway [60] . The pathways of purine and pyrimidine biosynthesis, as well as some of the amino acid biosynthesis pathways, are extremely conserved and tend to be represented in full even in LUCA0.9 (Fig. 7,8 ,9,10,11) . In contrast, the fraction of unresolved cases of non-orthologous displacement is considerably larger in some of the coenzyme biosynthesis pathways (Fig. 12) .
A few genes that are normally considered to be essential for modern cells are missing in LUCA1.0 or, in several cases, in all reconstructed versions of LUCA, regardless of the gain penalty (Table 5 ). These genes could never make it to LUCA because they met the criterion of Assertion 6, i.e. are restricted in their phyletic distribution to one of the children of LUCA, either the bacterial or the archaeal-eukaryotic branch. The most conspicuous absences in LUCA are several essential components of the DNA replication machinery, including the replicative polymerase, helicase and initiation ATPase, whereas some other proteins involved in DNA replication, such as the sliding clamp or RNAse H, are present. Also notable is the absence of proteins involved in transcription initiation, such as bacterial sigma subunits. These lacunas in the reconstructed LUCA gene sets may be interpreted in two ways: i) the missing genes actually emerged at a post-LUCA stage of evolution, which suggests radical differences in some of the cellular functions between LUCA and modern cells, and ii) these are cases of ancient non-orthologous gene displacement, with the "memory" of the ancestral state obliterated. The first view is suggested by the parsimony principle and is compatible with the hypothesis that LUCA might have had an RNA-based genetic system that involved DNA intermediates [61] . However, it has to be emphasized that parsimony is valid (at best) as a statistical trend, i.e. for the majority of genes in a large ensemble. When individual functions are concerned, one cannot rule out that one of the extant forms, e.g. the bacterial one, originates from LUCA, but had been displaced at the base of the other major branch of life, or even that LUCA had a completely different gene for this function but this gene had been lost in the lineages leading to all extant species. Thus, while the first of the above views may be preferable as a general trend, in each particular case, discrimination between the two possibilities might not be feasible.
Conversely, LUCA1.0 (but apparently not LUCA0.9) has a considerable number of genes whose presence seems to result from limitations of the parsimony approach employed here. These are genes that are shared by multiple bacterial species and eukaryotes (represented in this analysis by yeast S. cerevisiae) and, in the latter, are known to function in the mitochondria. Examples include bacterial DNA polymerase I (PolA), which is orthologous to the eukaryotic mitochondrial replicative polymerase (Pol γ), and single-stranded DNA-binding protein (Ssb), also involved in eukaryotic mitochondrial DNA replication. Beyond reasonable doubt, these genes have been acquired by eukaryotes from the proto-mitochondrial endosymbiont. In and by itself, this does not preclude these genes from being part of the LUCA heritage; however, with this particular HGT event being a virtual certainty, a more sophisticated evolutionary reconstruction approach should have mapped their origin to the common ancestor of bacteria rather than to LUCA. The mitochondrial genes represent the most obvious case of genes erroneously included in LUCA due to HGT that went undetected by the employed algorithms; there might be other cases of cryptic HGT leading to inflation of LUCA.
Comparing LUCA1.0 obtained under the genome-tree topology to LUCA1.0 for the rRNA topology did not reveal many functions that were likely to be essential for cell function among the 117 COGs present in the latter but missing in the former (data not shown; see Additional file: 1). Possible exceptions are ribonuclease PH (COG0689) and ATP-dependent DNA ligase (COG1793). The reciprocal set of 46 COGs assigned to LUCA1.0 under the genome-tree topology but not under the rRNA tree topology contained a few more genes with apparent essential functions, e.g., the cell-division GTPase FtsZ (COG0206), peptidyl-prolyl cis-trans-isomerase (COG0652), fumarase, a TCA cycle enzyme (COG0114), and two enzymes that appear to be require for fatty acid biosynthesis (COG0183 and COG0318).
The differences in the gene sets assigned to LUCA under the genome-tree and the rRNA tree can be attributed to specific differences in the tree topologies. In particular, COGs shared by yeast, the majority of archaea and the hyperthermophilic bacterium A. aeolicus (q), which is thought to have acquired numerous archaeal genes via HGT [62] , made it to LUCA1.0 under the rRNA tree topology but not the genome-tree topology. This is because, in the rRNA tree, A. aeolicus alone forms the earliest-branching bacterial clade, whereas, in the genome-tree, it clusters with the other hyperthermophilic bacterium, T. maritima, which lacks some of the genes shared by archaea and A. aeolicus (compare trees in Fig. 5 and Fig. 6 ). Several other COGs that are present in both hyperthermophilic bacteria and a subset of archaea are included in one version of LU-CA, but not the other, because of the differences in the topology of the archaeal subtree, i.e., the basal position of Halobacterium sp (o). in the genome-tree but not the rRNA tree (Fig. 5,6 ). Interestingly, reverse gyrase, the enzyme, which is the genomic signature of hyperthermophiles [63] and is thought to be indispensable for DNA replication and transcription at extremely high temperatures [64] , is
Figure 14
Gain and loss of COGs in internal nodes of the rRNA tree according to PARS-G algorithm: g = 0.9. The designations are as in Fig. 13 part of the latter subset and belongs to LUCA1.0 under the rRNA tree topology but not under the genome-tree topology. Thus, the difference in the underlying species tree topologies, in some cases, could account for substantial differences in the interpretation of the reconstructed ancestral gene sets. In the present analysis, the rRNA tree topology but not the genome-tree topology seems to imply a hyperthermophilic LUCA; whether or not LUCA was a hyperthermophile, is the subject of an ongoing hot debate among origin of life researchers [65] [66] [67] [68] [69] .
As outlined above, examination of the reconstructed LUCA gene sets suggests that LUCA1.0, with its 572 genes (under the genome-tree), might approximate a viable organism, at least numerically; to produce a more realistic reconstruction, at least a few genes that have not made the list because of non-orthologous gene displacement would have to be added, and perhaps a greater number of genes, including mitochondrial-bacterial ones, would need to be subtracted. The number of genes in this version of LUCA is somewhat greater than in the smallest genomes of modern bacteria, the mycoplasma (however, these are parasites that have lost most of the biosynthetic pathways), but almost three-fold less than in the smallest sequenced genome of a free-living organism, Thermoplasma acidophilum (1482 genes). Clearly, LUCA1.0 derived here is only a tentative pointer to the minimal reasonable size of the LUCA gene set and a more complex LUCA cannot be ruled out [69] . However, taken together with the support for g = 1 from the computational analysis described above, even this crude reconstruction suggests
Figure 15
Gain and loss of COGs in internal nodes of the genome-tree according to PARS-G algorithm: g = 1.0. The designations are as in Fig. 13 that, contrary to a widely held view, HGT might have been at least as common as lineage-specific gene loss in the evolution of prokaryotes.
Major trends in post-LUCA evolution suggested by the parsimonious scenarios
The most striking aspect of the parsimonious scenarios of genome evolution derived here is the prevalence of HGT and gene loss. According to the PARS algorithm, only a small minority of the COGs (315 of the 3166 analyzed COGs, ~10%; Table 6 ), namely those with the inconsistency value of 1, did not show evidence of such evolutionary events (in this case, the only event in the evolution of a COG is its "birth"). The evolution of the majority of the COGs was inferred to have involved one to 6 transfers and losses, and some COGs appear to have undergone as many as 10 such events (Table 6 ; these are the results for the genome-tree topology, but those for the rRNA tree topology were very similar; data not shown). The data in Table 6 indicate that these events are widely spread across (nearly) all categories of genes, which provides quantitative support for the general notion that lineagespecific gene loss and HGT have been major forces in the evolution of prokaryotes.
The distribution of gains and losses in the tree generally conforms to the intuitive notions in that numerous losses are associated with tree branches that include largely parasitic bacteria, whereas branches enriched in large genomes have many inferred gains ( Fig.  13,14 , 15, 16, 17, 18, 19, 20) . Particularly striking are comparisons of closely related organisms with substantially different genome sizes, e.g. Rickettsia prowazekii (x), an intracellular parasite with a small genome, and Mesorhizo-
Figure 16
Gain and loss of COGs in internal nodes of the rRNA tree according to PARS-G algorithm: g = 1.0. The designations are as in Fig. 13 bium loti (j), a symbiont with a large genome and elaborate physiology. The respective tree leaves show opposite evolutionary patterns, with the former dominated by losses, with only a few gains, and the latter by gains, with almost no losses. However, the clade that consists of free-living, hyperthermophilic bacteria (A. aeolicus and T. maritima, qv) has many associated gains, despite the small genome size. This is attributable to a major influx of archaeal genes via HGT [12, 62, 70] .
The common ancestors of bacteria and archaea-eukaryotes, which have no associated losses in accord with Assertion 5, are linked to massive gene gain. This is likely to reflect radical innovation at these evolutionary junctures, perhaps including even independent origin of DNA replication systems [61, 71, 72] . A general feature of the reconstructed scenarios, which is largely independent of the gain penalty value, is that the losses are largely associated with some of the leaves. This seems to reflect the relatively late, independent adaptation of many bacteria to the parasitic life style.
Changing the gain penalty affects the distribution of gains and losses among the vertices and leaves in a predictable way: scenarios for g = 0.9 are dominated by gains and have very few losses at internal nodes (Figs. 13,14) , whereas the scenarios with increasing g values show progressive increase in the early losses, e.g. at the common ancestor of the archaea (Figs. 15, 16, 17, 18, 19, 20) .
The scenarios produced with the genome-tree topology and those for the rRNA tree topology were, in general very, similar with respect to the distribution of losses and gains (compare Figs. 13 and 14, 15 and 16, 17 and 18, 19 and  20) . The reconstruction was substantially affected only for those few clades whose positions differed in the two trees,
Figure 17
Gain and loss of COGs in internal nodes of the genome-tree according to PARS-G algorithm: g = 1.5. The designations are as in Fig. 13 e.g., the spirochete-chlamydia clade (it), which branches off early in the genome-tree, but clusters with Proteobacteria in the rRNA tree. This resulted in a much greater amount of gene loss assigned to this clade under the rRNA tree topology compared to the genome-tree topology.
General discussion and conclusions
The analysis described here implements the most straightforward approach to the reconstruction of parsimonious scenarios by using phyletic patterns of orthologous gene sets (COGs) and a species tree as the only inputs. The general idea of this approach is the same as that of the recent work of Snel, Huynen and Bork [17] . However, Snel and co-workers employed a simple enumeration algorithm, which included the arbitrary condition of gain independence. We developed a rigorous method for reconstructing parsimonious evolutionary scenarios, investigated the effect of different criteria for choosing between scenarios with the same number of events and showed that the independence condition substantially affects the reconstructed ancestral gene sets. Furthermore, we used a different and larger collection of orthologous gene sets and compared the scenarios produced under two different species tree topologies, those of the consensus genome-tree and the rRNA tree.
This work yielded two central conclusions. First, we found that the evolutionary history of ~90% of the COGs included at least one but, typically, several events of gene loss and/or HGT. This puts concrete numbers to the general notion of a major role of these processes, at least in the evolution of prokaryotes [8] [9] [10] 12, 37, 71, 73] , and supports and extends the (luckily named) "genomes in flux" concept of Snel and co-workers [17] . Second, however, this work suggests that the nature of this genomic flux is different from what had been typically envisaged before, in the work of Snel and co-workers [17] and in other studies as well [74, 75] . Both the formal properties
Figure 18
Gain and loss of COGs in internal nodes of the rRNA tree according to PARS-G algorithm: g = 1.5. The designations are as in Fig. 13 of the reconstructed parsimonious scenarios and the biologically oriented, informal analysis of the reconstructed LUCA gene sets suggested that, in the evolution of prokaryotes, HGT might have been as common as gene loss.
Moreover, the approach employed here clearly provides a conservative, low-bound estimate of the amount of HGT. In many cases, although the phyletic pattern of a COG does not offer any indication of HGT, phylogenetic tree analysis provides clear evidence. Perhaps the strongest case in point are translation system components, which are (nearly) ubiquitous and belong to the set of 315 genes whose evolution was here inferred to have included only one event, the original emergence (Table 6 ). For some of these genes, including aminoacyl-tRNA synthetases, translation factors and even ribosomal proteins, evidence of multiple HGT events has been obtained by phylogenetic analysis [26, [76] [77] [78] [79] [80] [81] [82] . Undoubtedly, the history of many more COGs, which superficially, on the basis of examina-tion of phyletic patterns alone, appear to have evolved vertically, had involved HGT [37] . Given these considerations and the fact that many of the gene losses are associated with the relatively recent evolution of parasites ( Fig.  13,14 ,15,16,17,18,19,20) , it seems likely that the early phase of the evolution of prokaryotes (which is the same as the evolution of life itself prior to the emergence of eukaryotes) had been dominated by HGT.
The conclusion on the probable high incidence of HGT is linked to the notion of a simple, as opposed to a complex, LUCA [69] . If LUCA was a (nearly) minimal free-living organism, subsequent evolution in each lineage should have generally proceeded in the direction of increasing complexity and, by necessity, would have been dominated by gene gain, via HGT and, to a lesser extent, "invention" of new genes. In contrast, the notion of a complex LUCA implies that LUCA already had the bulk of the prokaryotic gene repertoire and subsequent evolution was dominated by differential sampling of these genes,
Figure 19
Gain and loss of COGs in internal nodes of the genome tree according to PARS-G algorithm: g = 2.0. The designations are as in Fig. 13 i.e., differential gene loss. The latter view of evolution is logically consistent and, at least at present, cannot be ruled out. However, it assigns the generation of most of the modern gene diversity (at least as far as prokaryotes are concerned) to the relatively short, pre-LUCA stage of life's evolution. Extensive evolution leading to the emergence of the majority of common protein folds definitely preceded LUCA [71, 83] . However, saddling this, already "overloaded", early period with nearly all of the more subtle diversification and leaving mostly elimination for the rest of prokaryotic evolution does not seem to provide for a plausible picture of evolution.
In principle, reconstruction of evolutionary scenarios can provide feedback for comparative assessment of the plausibility of the species tree topologies. Here, we found the genome-tree topology consistently yielded scenarios with fewer events than the rRNA tree topology. The difference, although statistically significant, was, however, not overwhelming and probably should not be viewed as a strong argument for one species tree topology as opposed to another. It is nevertheless notable that using the genome-tree topology instead of the rRNA topology definitely did not lead to less parsimonious scenarios, which suggests that the new clades present in the genometree might not be altogether implausible.
This analysis is a preliminary, crude attempt on constructing evolutionary scenarios using comparative-genomic data. Further developments will include the use of phylogenetic tree topology for each orthologous gene set, in addition to the phyletic patterns, as input information for constructing more realistic evolutionary scenarios. It also has to be kept in mind that here we did not attempt to reconstruct the functional aspects of LUCA in full detail; our goal was merely a rough examination of the reconstructed gene sets, in order to assess their functional plausibility and the relative contributions of gene loss and HGT. With
Figure 20
Gain and loss of COGs in internal nodes of the rRNA tree according to PARS-G algorithm: g = 2.0. The designations are as in Fig. 13 the rapid growth of the database of sequenced genomes, the information available for careful reconstruction of LUCA and other ancestral forms will progressively increase, and such reconstructions are expected to shed more light on the fundamental aspects of the evolutionary process.
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